Introduction {#section5-2050312114551974}
============

Breast cancer is the most common malignancy in women, accounting for approximately one-third of all female cancers. The aetiology of breast cancer is multifactorial and the period of development can span decades and clinical course is highly variable. Triple-negative breast cancer (TNBC) (oestrogen receptor negative, progesterone receptor negative and human epidermal growth factor receptor 2 (Her2) negative) accounts for 10%--17% of all breast cancers.^[@bibr1-2050312114551974]^ They tend to be more aggressive than other types of breast cancer and have poor prognosis.^[@bibr2-2050312114551974]^ The cause of death of patients with TNBC is often recurrence (30%--40% of cases), which presents as distant metastasis.^[@bibr3-2050312114551974]^ Unfortunately, the anti-tumour efficacy of commonly used chemotherapeutic agents for TNBC, including platinum-based chemotherapy, is limited due to acquired drug resistance and toxicities.^[@bibr4-2050312114551974]^ Therefore, the need for new strategies in the fight against cancer is clearly warranted.

Although cancer is always associated with genetic mutations, extensive evidence has lately emerged indicating that most chronic diseases, including cancer, are also caused by a deregulated inflammatory response.^[@bibr5-2050312114551974]^ The deregulation of the inflammatory response is particularly involved in breast cancer.^[@bibr6-2050312114551974]^ The identification of transcription factors such as NF-κB, AP-1 and STAT3 and their gene products such as tumour necrosis factor (TNF), interleukin-1 (IL-1), interleukin-6 (IL-6) and vascular endothelial growth factor (VEGF) has provided the molecular basis for the role of inflammation in cancer. The activation of these inflammatory pathways has been implicated in the transformation, survival, proliferation, invasion, angiogenesis, metastasis, chemo-resistance and radio-resistance of cancer cells.^[@bibr7-2050312114551974]^

A number of botanical medicines and their isolates have been shown to impact cytokines and inflammatory markers offering a great potential in the fight against cancer by inhibiting the process of carcinogenesis, inducing cell cycle arrest and inhibiting signal transduction pathways. Betulinic acid (BetA) ([Figure 1](#fig1-2050312114551974){ref-type="fig"}), a pentacyclic triterpene discovered in 1995 from the stem bark of the plant *Zizyphus mauritiana*, was initially reported to be a melanoma-specific cytotoxic agent.^[@bibr8-2050312114551974]^ Since then, BetA has been found to exhibit a variety of biological and medicinal properties such as anti-bacterial, anti-malarial, anti-inflammatory and anti-cancer activities in addition to the ability to inhibit HIV.^[@bibr9-2050312114551974]^ It has been found to be effective in many cancer cell lines including brain, breast, cervix, colorectal, lung and prostate cancers.^[@bibr10-2050312114551974][@bibr11-2050312114551974]--[@bibr12-2050312114551974]^

![Structure of betulinic acid (BetA).](10.1177_2050312114551974-fig1){#fig1-2050312114551974}

In this study, we investigated the cytotoxic effect of BetA on TNBC MDA-MB-231 and MDA-MB-468 cell lines. Furthermore, the anti-inflammatory and anti-angiogenic potential of BetA was also examined. We hypothesized that BetA could induce apoptosis through cell cycle arrest and inhibit the pro-inflammatory response present in the breast carcinoma cell lines and possibly inhibit angiogenesis in human mammary microvascular endothelial cells (HMMECs). The findings of this study suggest that the use of BetA may serve as a therapeutic approach targeting inflammatory factors and cell cycle genes to help prevent the progression and metastasis of breast carcinoma cells.

Materials and methods {#section6-2050312114551974}
=====================

Materials {#section7-2050312114551974}
---------

BetA was obtained from Tianjin Zhongxin Pharmaceutical Group Corporation Limited (China; purity \>98%). Human breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines were obtained from Foleibao Biological Technology Development Co. Ltd (China).^[@bibr13-2050312114551974]^ HMMECs, endothelial cell medium (ECM), foetal bovine serum (FBS), endothelial cell growth supplement (ECGS) and penicillin/streptomycin (P/S) for cell culture were purchased from ScienCell Research Laboratories (USA). L15, F15 and RPMI 1640 media for cell culture were purchased from Hyclone (USA).

Trypsin (0.25%) and ethylenediaminetetraacetic acid (EDTA; 0.02%) were purchased from Gibco (China), and dimethyl sulfoxide (DMSO) was purchased from Solarbio (China). Matrigel was obtained from BD Biosciences (USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) for MTT assay was purchased from Solarbio (China). RNA was extracted using TRIzol reagent and TRIzol plus RNA purification kit purchased from Tiangen (China). Agarose gel (1%) and real-time polymerase chain reaction (RT-PCR) kit were obtained from Takara (China). Fibronectin (FN) was obtained from Sigma (USA). Dulbecco's Phosphate-Buffered Saline (DPBS) was obtained from Hyclone (USA).

Cell culture and drug preparation {#section8-2050312114551974}
---------------------------------

Human breast carcinoma cell lines MDA-MB-231 and MDA-MB-468 were recovered in 25-cm^2^ tissue culture flasks in an incubator at 37°C in a humidified atmosphere consisting of 5% CO~2~ and 95% air (Forma 3110; Thermo, USA). The cells were maintained in logarithmic growth phase in complete medium consisting of F15, 10% FBS and 1% P/S. Once the cells were 80% confluent, they were seeded into appropriate multi-well plates depending on the assay. HMMECs were recovered in 1-mL ECM containing 5% FBS, 1% P/S and 1% ECGS and inoculated in 75-cm^2^ flasks pre-coated with 150 µL FN and 5 mL DPBS. The cells were maintained in culture medium and incubated at 37°C in a 5% CO~2~ incubator (Forma 3110; Thermo, USA) and the medium was changed every second day. After 90% confluency was reached, subculture was initiated. The medium was removed and the cells were washed gently once with D-Hank's liquid without calcium and magnesium. The cells were resuspended in dissociation solution made from equal volume of 0.25% trypsin and 0.02% EDTA. The suspension was centrifuged at 1000 r/min for 5 min. The supernatant was removed followed by resuspending the cells in ECM made from 5% FBS, 1% P/S and 1% ECGS. The cells were then seeded in culture plates depending on the assays used. For the culture of breast stromal cells, breast cancer tissue of size 1 cm^3^ was trimmed to 1 mm^3^ after removing fatty tissue. The tissue was digested in culture medium containing 100 IU/mL collagenase and 150 IU/mL hyaluronidase for 12 h in 37°C incubator. Cells were passed through an 80-mesh screen, centrifuged at 80 g and filtered for 6 min. Finally, the cells were resuspended in high-glucose ECM containing 5% FBS, 1% P/S and inoculated in a flask at 37°C. BetA was first dissolved in DMSO and then diluted to the required concentrations with milli-Q (mQ) water. DMSO was used to enhance the solubility of the extracts with a final concentration of 3%. The concentration used in our experiments showed good solubility in cell culture medium and 3% DMSO. This was further verified microscopically with the absence of BetA precipitates.

Drug cytotoxicity {#section9-2050312114551974}
-----------------

MDA-MB-231, MDA-MB-468 and HMMECs were seeded at a density of 5 × 10^4^ cells/mL in flat-bottomed 96-well culture plate in FBS-free F15 culture medium and incubated for 24 h at 37°C in a humidified atmosphere. Treatments with BetA ranged between concentrations of 0.625 and 160 µg/mL depending on the cell type followed by the addition to equal volumes of cell culture into six wells per concentration. The plate was left to incubate for 24 h. Images of the cells and observations on the morphological changes after drug treatments were obtained using an inverted phase-contrast microscope (DC300F; Leica, Germany). The inhibition of cell growth was determined using the MTT assay. After 4 h of the addition of 200 µL of MTT (0.5 mg/mL), the supernatant was discarded and the yellow formazen crystals produced were dissolved in 200 µL/well of DMSO. Optical density (OD) values were determined using a microplate reader set at an absorbance wavelength of 570 nm on FlexStation 3 multi-functional microplate station (Molecular Devices, USA). The activity of BetA against the HMMECs and breast carcinoma cell lines MDA-MB-231 and MDA-MB-468 was evaluated according to OD values. The inhibitory rates were calculated using the following formula

$$\text{Inhibitory\ rate} = \frac{\left( {\text{OD\ value\ of\ the\ control\ group} - \text{OD\ value\ of\ the\ treated\ group}} \right)}{\text{OD\ value\ of\ the\ control\ group}} \times 100$$

The messenger RNA expression of inflammatory factors and cell cycle--related genes {#section10-2050312114551974}
----------------------------------------------------------------------------------

RT-PCR was used to determine the expression of inflammatory and cell cycle--related genes in human breast carcinoma cell lines MDA-MB-231 and MDA-MB-468 following treatment with BetA. The messenger RNA (mRNA) expression levels of VEGF and basic fibroblast growth factor (bFGF) in HMMECs were also determined using RT-PCR to identify the effect of BetA on angiogenesis. MDA-MB-231 and MDA-MB-468 cells were seeded at a density of 5 × 10^4^ cells/mL, and HMMECs were seeded at 1 × 10^5^ cells/mL in a flat-bottomed 12-well culture plate in L15 culture medium containing 10% FBS and 1% P/S. The cells were incubated under normal growth conditions until the cells were 80% confluent. When in co-culture with breast stromal cells, the plate was put into transwell sleeve containing stromal cells. BetA at 1, 10 and 20 µg/mL was added to triplicate wells. After 24 h of incubation, the cellular RNA was isolated using TRIzol reagent and TRIzol plus RNA purification kit (Invitrogen, USA). RNA concentration was determined by the measurement of OD with the nucleic acid protein analyser at 260 nm on Nucleic acid spectrometer (Du530; Beckman, USA) and OD~260~/OD~280~ \> 1.8 ensured high-quality RNA. The degree of RNA degradation was analysed by electrophoresis; 4.5 µL RNA was mixed with 0.5 µL sample buffer and the sample was electrophoresed on 1% agarose gel. The degree of RNA degradation was determined using Bio Imaging System (Syngene, UK). Then, the mRNA expression levels of inflammatory factors TNF-α, TLR4, NF-κB1, IL-6, STAT3, HIF1A and i-NOS and cell cycle--related genes *Cipl/P21, Kipl/p27, CDK2, CDK6* and *cyclin Dl* with β-actin used as an internal control were determined using RT-PCR ([Tables 1](#table1-2050312114551974){ref-type="table"} and [2](#table2-2050312114551974){ref-type="table"}). The reverse transcription reaction mixture (final volume of 20 µL) was prepared according to the RT-PCR kit protocol. Amplification was carried out in ABI 7500 Real Time PCR System using a single incubation at 95°C for 15 min, followed by 40 cycles at 95°C for 10 s and 60°C for 32 s.

###### 

Sequence of RT-PCR primers of inflammatory genes.

  Prime                                  Sequence                               Product (bp)
  -------------------------------------- -------------------------------------- --------------
  β-Actin                                Forward primer: AGAGCTACGAGCTGCCTGAC   184
  Reverse primer: AGCACTGTGTTGGCGTACAG                                          
  TNF-α                                  Forward primer: CCTGTGAGGAGGACGAACAT   240
  Reverse primer: AGGCCCCAGTTTGAATTCTT                                          
  TLR4                                   Forward primer: CCATAAAAGCCGAAAGGTGA   159
  Reverse primer: CTGAGCAGGGTCTTCTCCAC                                          
  NF-κB1                                 Forward primer: TCGTTTCCGTTATGTATGT    227
  Reverse primer: CCTTGGGTCCAGCAGTTA                                            
  IL-6                                   Forward primer: AGGAGACTTGCCTGGTGAAA   180
  Reverse primer: CAGGGGTGGTTATTGCATCT                                          
  STAT3                                  Forward primer: TGTGCGTATGGGAACACCTA   170
  Reverse primer: AGAAGGTCGTCTCCCCCTTA                                          
  HIF1A                                  Forward primer: GAAAACTTGGCAACCTTGGA   194
  Reverse primer: ATCTCCGTCCCTCAACCTCT                                          
  i-NOS                                  Forward primer: CTCTATGTTTGCGGGGATGT   179
  Reverse primer: TTCTTCGCCTCGTAAGGAAA                                          

RT-PCR: real-time polymerase chain reaction.

###### 

Sequence of RT-PCR primers of cell cycle--related genes.

  Prime                                  Sequence                               Product (bp)
  -------------------------------------- -------------------------------------- --------------
  β-Actin                                Forward primer: AGAGCTACGAGCTGCCTGAC   184
  Reverse primer: AGCACTGTGTTGGCGTACAG                                          
  p21                                    Forward primer: TTAGCAGCGGAACAAGGAGT   225
  Reverse primer: GCCGAGAGAAAACAGTCCAG                                          
  P27                                    Forward primer: CGCTTTGTTTTGTTCGGTTT   221
  Reverse primer: TCTCTGCAGTGCTTCTCCAA                                          
  CDK2                                   Forward primer: GCCCTAATCTCACCCTCTCC   211
  Reverse primer: AAGGGTGGTGGAGGCTAACT                                          
  CDK6                                   Forward primer: AGCCCAAGATGACCAACATC   181
  Reverse primer: AGGTCAAGTTGGGAGTGGTG                                          
  Cyclin Dl                              Forward primer: GAGGAAGAGGAGGAGGAGGA   231
  Reverse primer: AGAGATGGAAGGGGGAAAGA                                          

RT-PCR: real-time polymerase chain reaction.

Analysis of mRNA expression using the 2^−ΔΔC~*T*~^ method {#section11-2050312114551974}
---------------------------------------------------------

The analysis of mRNA expression was previously described using the ^2−ΔΔC~*T*~^.^[@bibr14-2050312114551974]^ The mean mRNA expression level for the three measurements was calculated. The ^2−ΔΔC~*T*~^ method was used to calculate relative changes in mRNA expression determined from RT-PCR experiments. In this study, the data are presented as the fold change in target gene expression in breast carcinoma cells treated with BetA normalized to the internal control gene (β-actin) and relative to the untreated breast carcinoma cells. The results of the RT-PCR data were represented as CT values, where CT was defined as the threshold cycle number of PCRs at which amplified product was first detected. The average CT was calculated for both the target genes and β-actin and the ΔCT was determined as the mean of the triplicate CT values for the target gene − the mean of the triplicate CT values for β-actin. The ΔΔCT represented the difference between the paired tissue samples, as calculated by the formula ΔΔCT = (ΔCT of treated cells − ΔCT of untreated cells). The fold differential expression in the target gene of treated cells compared to the untreated cells was expressed as 2^−ΔΔC~*T*~^. In this study, increased mRNA expression was defined as fold ≥2.0, normal expression was a fold ranging from 0.51 to 1.99 and decreased mRNA expression was fold ≤0.5.

Cell cycle kinetics {#section12-2050312114551974}
-------------------

Breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines were seeded at a density of 1 × 10^4^ cells/well in flat-bottomed 12-well culture plate in the FBS-free L15 culture medium. The upper chambers of the transwell plate coated with Matrigel were inoculated with stromal cells. The plate was then incubated at 37°C for 24 h in a humidified atmosphere to allow the cells to attach. Treatments of cells with BetA were applied in triplicates. Followed by incubating the plate under normal growth conditions for 48 h (80% confluence), the cells were simultaneously digested with 0.25% trypsin and 0.02% EDTA. Then, the cell suspension was centrifuged for 5 min at 1000 r/min. The supernatant was then discarded, followed by resuspending the cell pellet with D-Hank's solution and centrifuged for 5 min at 1000 r/min. The supernatant was discarded leaving 0.5 mL and passed through a 200-mesh. The cells were then fixed in ice-cold 70% ethanol for 24 h at 4°C. The cells were centrifuged for 5 min at 1000 r/min, washed with PBS and resuspended in 1 mL PBS. A volume of 5 µL of RNAse (10 mg/mL) was added, followed after gentle mixing and 1 h of incubation at 37°C by the addition of 1 mL propidium iodide (PI; 100 µg/mL) solution. The mixed cells were incubated in the dark at room temperature for 30 min. Progression of cells through the cell cycle and cell apoptosis were examined by flow cytometry where 1 × 10^4^ cells were counted with the instrument set on cell apoptosis analysis.

Tube formation assay {#section13-2050312114551974}
--------------------

HMMECs, breast carcinoma cell lines and stromal cells were resuspended in ECM made from 5% FBS, 1% P/S and 1% ECGS and transferred into the coated flasks at 7.5 × 10^3^ cells/cm^2^. The morphology and number of tube-like formations of HMMEC cells were assessed using an inverted phase-contrast microscope (DC300F; Leica, Germany) coupled to a digital camera. Three groups were set based on the cells tested; HMMECs alone, HMMECs in co-culture with stromal cells and HMMECs in co-culture with breast carcinoma cell lines. When HMMECs were treated alone, 1 × 10^5^ cells/well were seeded in a 24-well plate pre-coated with 300 µL/well Matrigel for 30 min. When in co-culture with breast carcinoma MDA-MB-231 or MDA-MB-468 cell lines or stromal cells, 5 × 10^5^ cells/well HMMECs were seeded in the lower chamber of 12-hole transwell plate also coated with Matrigel and 5 × 10^5^ cells/well MDA-MB-231, MDA-MB-468 or stromal cells were seeded in the upper chamber of transwell plate; 1 µg/mL BetA was added to triplicate wells. Preliminary experiments using concentrations of 1, 5 and 10 µg/mL showed that 5 and 10 µg/mL induced great cell death (results not shown). The number of tube-like structures formed was observed after 6, 12, 24 and 36 h.

Statistical analysis {#section14-2050312114551974}
--------------------

Each experiment was repeated at least three times and presented as mean ± standard deviation (SD). Statistical comparisons were carried out by analysis of variance (ANOVA) using SPSS 13.0 software; *p* \< 0.05 was considered statistically significant.

Results {#section15-2050312114551974}
=======

The effect of BetA on the morphology of MDA-MB-231 and MDA-MB-468 cell lines {#section16-2050312114551974}
----------------------------------------------------------------------------

To determine whether BetA, structure shown in [Figure 1](#fig1-2050312114551974){ref-type="fig"}, had anti-tumour activity against breast cancer, breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines and HMMECs were treated with BetA for 24 h. Microscopic examination of the treated cells using an inverted phase-contrast microscope revealed that the lower concentrations of BetA had no significant effects on cell number or morphology when compared to the untreated control cells. In fact, the proliferation of HMMECs was found to be enhanced following treatment with the low 0.625 µg/mL concentration of BetA. However, this cell line showed sensitivity to Betulinic with a marked degree of inhibition of cell proliferation observed with treatments greater than 2.5 µg/mL. HMMECs appeared to be more susceptible to the treatment with BetA with cell kill occurring at much lower concentrations compared to breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines. BetA at concentrations of 10 and 20 µg/mL and higher caused marked degree of cell kill and produced significant reduction in cell number and morphological changes in breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines, respectively. Compared to the control, cells treated with these concentrations appeared to lose their characteristic spindle shape and necrotic cells, and cell debris were also observed ([Figure 2](#fig2-2050312114551974){ref-type="fig"}).

![The effect of increasing concentrations of BetA on the cellular morphology of breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines. Images were taken using an inverted phase-contrast microscope set at 40× magnification.\
BetA: betulinic acid.](10.1177_2050312114551974-fig2){#fig2-2050312114551974}

The cytotoxicity of BetA against HMMECs and MDA-MB-231 and MDA-MB-468 cell lines {#section17-2050312114551974}
--------------------------------------------------------------------------------

The cytotoxic effect of increasing concentrations of BetA in HMMECs and the two breast carcinoma cell lines MDA-MB-231 and MDA-MB-468 shown in [Figure 3](#fig3-2050312114551974){ref-type="fig"} was used for the determination of its IC~50~ values, that is, the concentration required for 50% cell kill. [Table 3](#table3-2050312114551974){ref-type="table"} gives the IC~50~ values of BetA for the three cell lines. HMMECs found earlier to be more sensitive to BetA had a much lower IC~50~ (4.6 µM) compared to MDA-MB-231 and MDA-MB-468 cell lines. BetA was twice more active in MDA-MB-231 (21.9 µM) compared to MDA-MB-468 cell line. BetA was least active against MDA-MB-468 with an IC~50~ value of 46.0 µM.

![The effect of BetA on the proliferation of HMMECs, MDA-MB-231 and MDAMB- 468 cell lines. Cell proliferation was determined in hexaplicates after 24 h, using the MTT assay. Each point represents the mean of independent experiments with vertical bars representing the standard deviation. \**p* \< 0.05 for comparison of optical density for that given concentration compared to the control indicates statistical significance.\
HMMEC: human mammary microvascular endothelial cell; BetA: betulinic acid; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.](10.1177_2050312114551974-fig3){#fig3-2050312114551974}

###### 

IC~50~ values (µM) of BetA against HMMECs and breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines.

  Cell line    IC~50~
  ------------ --------
  HMMEC        4.6
  MDA-MB-231   21.9
  MDA-MB-468   46.0

HMMEC: human mammary microvascular endothelial cell.

The effect of BetA on the mRNA expression of inflammatory factors in breast carcinoma cell lines {#section18-2050312114551974}
------------------------------------------------------------------------------------------------

The involvement of inflammatory factors in cancer prompted the investigation of the inflammatory response to BetA in the breast carcinoma cell lines. The effect of 1, 10 and 20 µg/mL BetA on the mRNA expression of TNF-α, TLR4, NF-κB1, HIF1A, IL-6, STAT3 and i-NOS was determined in breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines cultured alone and in co-culture with breast stromal cells ([Table 4](#table4-2050312114551974){ref-type="table"}). The treatment of MDA-MB-231 cells with 1 µg/mL BetA lowered the expression of all inflammatory factors except for the expression of IL-6 remaining at a normal level. The 10 µg/mL BetA concentration found to inhibit 50% of MDA-MB-231 cells lowered the expression of TLR4, STAT3 and i-NOS and had no effect on the expression of TNF-α, NF-kB1 and HIF1A but increased the expression of IL-6. The highest concentration of BetA had generally no effect on the expression of TNF-α, NF-kB1, HIF1A, STAT3 and i-NOS, though further lowered the expression of TLR4, while increasing IL-6 expression. The treatment of MDA-MB-231 co-cultured with breast stromal cells with 5 µg/mL BetA lowered the expression of IL-6, whereas the expression of the other inflammatory factors remained normal. The results indicate that BetA was effective in blocking inflammation by the down-regulation of the expression of inflammatory factors such as TNF-α, i-NOS and NF-κB1. Interestingly, it appears that the lowest concentration of BetA (1 µg/mL) was the most effective at lowering the expression of the inflammatory factors tested.

###### 

The effect of BetA on mRNA expression levels of inflammatory factors in breast cancer MDA-MB-231 and MDA-MB-468 cell lines and their co-culture with breast stromal cells^[a](#table-fn5-2050312114551974){ref-type="table-fn"}^.

  Cells                                                       BetA concentration (µg/mL)   TNF-α   TLR4   NF-κB1   HIF1A   IL-6   STAT3   i-NOS
  ----------------------------------------------------------- ---------------------------- ------- ------ -------- ------- ------ ------- -------
  MDA-MB-231                                                  1                            0.03    0.13   0.31     0.40    1.67   0.20    0.34
  10                                                          1.25                         0.32    0.52   0.56     5.20    0.25   0.48    
  20                                                          0.69                         0.15    0.79   0.92     10.84   0.53   0.88    
  5^[b](#table-fn6-2050312114551974){ref-type="table-fn"}^    1.24                         1.10    1.04   0.81     0.38    0.95   0.71    
  MDA-MB-468                                                  5                            6.71    2.09   1.61     1.81    1.45   3.09    1.05
  10                                                          31.44                        3.70    3.16   1.68     3.75    2.56   0.49    
  20                                                          167.65                       6.47    5.47   2.66     16.97   9.96   0.68    
  5^[b](#table-fn6-2050312114551974){ref-type="table-fn"}^    0.43                         1.04    0.91   1.34     0.75    2.21   1.05    
  10^[b](#table-fn6-2050312114551974){ref-type="table-fn"}^   0.14                         0.72    0.90   1.35     1.02    2.07   1.09    

TNF: tumour necrosis factor; IL-6: interleukin-6.

The values represent fold change in expression of the target gene relative to the internal control gene (β-actin) and untreated control cells.

Breast carcinoma cell line co-cultured with breast stromal cells.

The expression levels of the inflammatory factors in MDA-MB-468 cell line were found to remain normal or increase following the treatment with BetA. Generally, increasing concentrations of BetA increased the expression of the inflammatory factors especially the expression of TNF-α and IL-6. Although emerging evidence has shown TNF-α is one of the major mediators of cancer-related inflammation and acts as a tumour-promoting factor, paradoxically, high doses of human recombinant TNF-α induced haemorrhagic tumour necrosis in tumours when injected locally and repeatedly.^[@bibr15-2050312114551974]^ Interestingly, the expression of TNF-α in MDA-MB-468 cell line markedly increased with increasing concentrations of BetA indicating that apoptosis due to BetA may be mediated by this inflammatory cytokine. Therefore, as TNF-α is part of the extrinsic apoptotic pathway, apoptosis may be triggered through the association and activation of caspases. Further experiments outlining the involvement of caspases are needed to confirm this hypothesis. On the other hand, when MDA-MB-468 cell line is co-cultured with stromal cells, the expression of TNF-α following the treatment with BetA decreases. It appears that BetA is influencing the expression of TNF-α either by decreasing its expression and thus blocking the inflammatory response or, on the contrary, by markedly increasing its expression causing apoptosis.

Effect of BetA treatment on the cell cycle in breast carcinoma cell lines {#section19-2050312114551974}
-------------------------------------------------------------------------

To examine the possible molecular mechanisms by which BetA induces cell cycle arrest in breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines, BetA-treated cells were analysed for their DNA content by PI staining. Flow cytometry analysis of MDA-MB-231 cells co-cultured with stromal cells detected an increase in G~1~ DNA content in comparison with the control group. The percentage of cells in the S-phase decreased, whereas the percentage of cells in the G~2~-phase doubled following BetA treatment. The data suggest that BetA treatment of MDA-MB-231 cell line could lead to the inhibition of DNA synthesis causing the arrest of cells in the G~2~-phase, eventually restraining the proliferation of cells. However, BetA at the concentrations tested had no significant effect on the cell cycle of MDA-MB-468 co-cultured with stromal cells and in fact may have led to a higher percentage of cells in the S-phase ([Table 5](#table5-2050312114551974){ref-type="table"} and [Figure 4](#fig4-2050312114551974){ref-type="fig"}). To elucidate the exact mechanism by which BetA causes cell cycle arrest in MDA-MB-468 cell line, further experiments with higher concentrations of BetA need to be conducted.

###### 

The effect of BetA on the cell cycle of breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines co-cultured with breast stromal cells.

               BetA concentration   %G~1~           %G~2~          %S
  ------------ -------------------- --------------- -------------- --------------
  MDA-MB-231   Control              37.20 ± 3.54    11.15 ± 0.50   51.70 ± 4.10
  5 µg/mL      41.10 ± 7.50         23.10 ± 16.83   35.83 ± 9.40   
  MDA-MB-468   Control              70.27 ± 4.31    23.39 ± 1.32   8.76 ± 0.42
  5 µg/mL      61.91 ± 2.86         20.89 ± 4.60    15.52 ± 0.65   
  10 µg/mL     68.50 ± 1.17         19.87 ± 2.72    11.33 ± 2.02   

![Influence of BetA on cell cycle progression of MDA-MB-231 and MDA-MB-468 cell lines in co-culture with breast stromal cells analysed using flow cytometry. (a) Cell cycle of untreated cells and (b) cell cycle is altered after the treatment of MDA-MB-231 with 5 µg/mL BetA.\
BetA: betulinic acid.](10.1177_2050312114551974-fig4){#fig4-2050312114551974}

The effect of BetA on the mRNA expression of cell cycle--related genes in breast carcinoma cell lines {#section20-2050312114551974}
-----------------------------------------------------------------------------------------------------

To further determine the effect of BetA on the cell cycle progression, the mRNA expression pattern of cell cycle genes of breast carcinoma MDA-MB-231 and MDA-MB-468 cells was examined. The treatment of MDA-MB-231 cell line with 1 and 10 µg/mL BetA lowered the expression of P21, P27, CDK2, CDK6 and Cyclin Dl, whereas 20 µg/mL BetA lowered the expression of p27 and CDK6 only. BetA treatment of MDA-MB-231 cell line co-cultured with stromal cells lowered the expression of p21, p27 and Cyclin D1. BetA treatment of MDA-MB-468 cell line alone and in co-culture with stromal cells generally appeared to increase the expression of the genes with increasing concentration ([Table 6](#table6-2050312114551974){ref-type="table"}).

###### 

The effect of BetA on the mRNA expression levels of cell cycle genes in breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines and their co-culture with breast stromal cells^[a](#table-fn7-2050312114551974){ref-type="table-fn"}^.

                                                              BetA concentration (µg/mL)   p21     P27    CDK2   CDK6   Cyclin Dl
  ----------------------------------------------------------- ---------------------------- ------- ------ ------ ------ -----------
  MDA-MB-231                                                  1                            0.26    0.10   0.32   0.12   0.36
  10                                                          0.42                         0.14    0.42   0.12   0.40   
  20                                                          0.74                         0.29    0.69   0.25   1.12   
  5^[b](#table-fn8-2050312114551974){ref-type="table-fn"}^    0.19                         0.32    2.22   1.07   0.23   
  MDA-MB-468                                                  5                            1.67    7.60   2.32   3.54   1.85
  10                                                          2.49                         4.68    0.73   5.16   2.59   
  20                                                          3.45                         10.21   4.13   5.06   2.99   
  5^[b](#table-fn8-2050312114551974){ref-type="table-fn"}^    0.55                         2.44    1.21   3.15   1.91   
  10^[b](#table-fn8-2050312114551974){ref-type="table-fn"}^   6.27                         6.70    1.07   2.80   0.95   

The values represent fold change in expression of the target gene relative to the internal control gene (β-actin) and untreated control cells.

Breast carcinoma cell line co-cultured with breast stromal cells.

The effect of BetA on angiogenesis and the mRNA expression of VEGF and bFGF {#section21-2050312114551974}
---------------------------------------------------------------------------

When plated on Matrigel, HMMECs alone and its co-culture with the breast carcinoma cells or breast stromal cells underwent rapid reorganization and formed tube-like structures. The treatment of HMMEC alone and its co-culture with the breast carcinoma cell lines with 1 µg/mL BetA had no significant inhibitory effect on the Matrigel-induced network formations over the course of treatment (only images of HMMECs co-cultured with MBA-MB-231 cells are shown in [Figure 5(b)](#fig5-2050312114551974){ref-type="fig"}). In contrast, 1 µg/mL BetA treatment of HMMECs co-cultured with breast stromal cells caused significant inhibition of networks formed following 6, 12, 24 and 36 h of incubation ([Figure 6](#fig6-2050312114551974){ref-type="fig"}). These findings further confirm that BetA can modify HMMEC functions using a low BetA concentration and suggest that it might indeed prevent the process of angiogenesis.

![The effect of BetA on the formation of tube-like structures in (a) HMMECs, (b) HMMECs co-cultured with MDA-MB-231 breast carcinoma cell line and (c) HMMECs co-cultured with breast stromal cells. Images were taken using an inverted phase-contrast microscope set at 40× magnifications. The effect of BetA was determined following 6, 12, 24 and 36 h of incubation.\
HMMEC: human mammary microvascular endothelial cell; BetA: betulinic acid.](10.1177_2050312114551974-fig5){#fig5-2050312114551974}

![The effect of BetA on the inhibition of tube-like structure formation in HMMEC co-cultured with breast stromal cells. \**p* \< 0.05 for the comparison of the tubes formed at that time point compared to the control indicates statistical significance.\
BetA: betulinic acid.](10.1177_2050312114551974-fig6){#fig6-2050312114551974}

To further determine the mechanism behind the anti-angiogenic activity of BetA in HMMECs, the mRNA expression levels of VEGF and bFGF were determined using RT-PCR. Compared to the control group, the mRNA expression levels of VEGF and bFGF following 1 µg/mL BetA treatment were 98.7% and 4.8%, respectively. The results indicate that the anti-angiogenic activity of BetA may be mediated via the inhibition of bFGF rather than VEGF.

Discussion {#section22-2050312114551974}
==========

In this study, the efficacy of BetA in HMMEC and triple-negative breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines was investigated. The rationale behind this idea is that plant products have been used for the treatment of human diseases including cancer for thousands of years due to their wide range of biological properties. The interplay between the induction of cell cycle arrest, inhibition of angiogenesis, overcoming multidrug resistance (MDR) and boosting the immune system is a pivotal approach in the fight against cancer.^[@bibr16-2050312114551974]^ Initially identified for its anti-melanoma activity, BetA has recently been reported to be a promising agent for the treatment of multiple forms of cancer including those of the lung, colorectum, prostate, cervix and brain.^[@bibr10-2050312114551974],[@bibr11-2050312114551974]^

Emerging studies also demonstrate the effectiveness of BetA in the treatment of breast cancer. Treatment of ErbB2-overexpressing BT474 and MDA-MB-453 breast cancer cells with 1--10 mmol/L BetA was found to inhibit cell growth, induce apoptosis, down-regulate specificity protein (Sp) transcription factors Sp1, Sp3 and Sp4 and decrease expression of ErbB2.^[@bibr17-2050312114551974]^ BetA decreased proliferation and induced apoptosis of MDA-MB-231 cells through Sp1, Sp3 and Sp4 down-regulation accompanied by increased zinc finger ZBTB10 expression, a putative Sp-repressor and decreased microRNA-27a levels, a microRNA involved in the regulation of ZBTB10.^[@bibr18-2050312114551974]^ In MCF-7 cells, microencapsulated BetA extracted from jujube fruits was able to induce apoptosis via the mitochondria transduction pathway in a dose-dependent manner and arresting cell cycle in the G~2~/M-phase.^[@bibr19-2050312114551974]^

The current results further show the efficiency of BetA in the treatment of TNBC MDA-MB-231 and MDA-MB-468 cell lines. BetA also proved to be potent against HMMECs, microvascular epithelial cell of breast cancer tissue, cells that are responsible for the formation of new blood vessels. Increasing concentrations of BetA induced cell kill in MDA-MB-231, MDA-MB-468 and HMMEC cell lines in a concentration-dependent manner. BetA has been reported to suppress inflammation and modulate the immune response by interfering with NF-κB activation triggered by inflammation.^[@bibr20-2050312114551974]^ Indeed, BetA was found to suppress the inflammatory mechanisms of MDA-MB-231 and MDA-MB-468 cell lines. At the concentrations tested, it was most effective in blocking inflammation in MDA-MB-231 cell line through down-regulating the expression of NF-κB1, TNF-α, TLR4, STAT3 and i-NOS. Interestingly, it appears that the lowest concentration of BetA (1 µg/mL) was the most effective at lowering the expression of the inflammatory factors tested. The efficacy of BetA in lowering the inflammatory response of a MDA-MB-468 culture alone was not significant. BetA was found to cause marked overexpression of TNF-α in MDA-MB-468 cells cultured alone, whereas the expression of this inflammatory cytokine was down-regulated in MDA-MB-468 cells co-cultured with breast stromal cells. This supports the idea that the role of TNF-α in cancer is complex with both pro-tumourigenic and anti-tumourigenic roles.^[@bibr21-2050312114551974],[@bibr22-2050312114551974]^ Here, we propose that BetA is directly influencing the expression of TNF-α either by decreasing its expression and thus blocking the inflammatory response or, on the contrary, by markedly increasing its expression causing apoptosis.

Besides blocking the inflammatory response in these cell lines, the mechanism of BetA-induced cell cycle arrest was investigated. BetA has been reported to down-regulate cyclin A2 resulting in cell cycle G~2~/M arrest in lung cancer.^[@bibr23-2050312114551974]^ BetA caused G~2~/M cell cycle arrest leading to apoptosis in AGS cells in vitro.^[@bibr24-2050312114551974]^ On the other hand, G~1~ cell cycle inhibition due to treatment with BetA has been reported in cultured vascular smooth muscle cells.^[@bibr25-2050312114551974]^ In this study, BetA was found to lower the percentage of S-phase cells and increase the percentage of G~2~-phase cells thus causing G~2~-phase cell cycle arrest in MDA-MB-231 cell line co-cultured with breast cancer stromal cells. Although the mRNA expression of cell cycle genes in BetA-treated MDA-MB-231 cell line was determined, the results were not conclusive. BetA lowered the expression of both the G~1~ cell cycle inhibitors p21 and p27 and the G~1~ cell cycle activators CDK2, CDK6 and cyclin D1 in MDA-MB-231 cell line. Although CDK2 is expressed in G~1~-, S- and G~2~-phases, it is difficult to predict precisely the phase in which the arrest of the cell cycle has occurred. Other cyclins and CDKs prominent in S- and G~2~-phases such as cyclins A and E may be explored to confirm that the activity of BetA predominately affects cells in the S- and G~2~-phases of the cell cycle. Thus, determining the expression of other cyclins may help elucidate the exact mechanism of BetA-induced cell cycle arrest in MDA-MB-231 cells. In the MDA-MB-468 cell line, the concentrations of BetA used in this experiment appeared to increase the mRNA expression of G~1~-phase inhibitors p21 and p27 and activators CDK2, CDK6 and cyclin D1. Flow cytometric analysis did not show significant arrest of the cell cycle. This may be partly due to the use of concentrations that are lower than the IC~50~ of BetA against this cell line, thus higher concentrations may be necessary to provide a better understanding of the mechanism of BetA-induced cell cycle arrest in MDA-MB-468 cell line.

The anti-tumour activity of BetA is multifactorial, with possible anti-angiogenic properties.^[@bibr26-2050312114551974],[@bibr27-2050312114551974]^ While in this study BetA had no significant anti-angiogenic effect in HMMECs cultured alone, BetA inhibited angiogenesis in HMMECs co-cultured with breast stromal cells. Two factors associated with angiogenesis are bFGF and VEGF.^[@bibr28-2050312114551974],[@bibr29-2050312114551974]^ Interestingly, the mRNA expression levels of VEGF and bFGF in this study indicated that the BetA inhibited angiogenesis through the inhibition of bFGF rather than VEGF. The expression of bFGF was lowered to 4.8% of the control group, whereas the expression of VEGF remained unaffected. This is in contrary to previous reports suggesting BetA causes the down-regulation of VEGF in MDA-MB-231 cell line.^[@bibr18-2050312114551974]^ In support of the present finding, increased level of bFGF in serum is associated with the presence of breast cancer.^[@bibr30-2050312114551974]^ The down-regulation of bFGF may inhibit the formation of new blood vessels, therefore reducing the blood supply to the tumour microenvironment. Thus, the inhibition of bFGF may further enhance the effectiveness of BetA in breast cancer. Finally, the selective cytotoxicity of BetA against tumour cell lines but not normal cells makes it a great candidate for combination therapies.^[@bibr31-2050312114551974],\ [@bibr32-2050312114551974]^

In vitro experiment results cannot fully represent in vivo efficacy; in order to verify if it has in vivo anti-tumour effect and whether it is toxic to normal tissue cells, further animal experiments will be carried out in the following article. Experiments in animals revealed that BetA also has an anti-tumour effect in vivo.^[@bibr33-2050312114551974]^ Normal cells seem to tolerate relatively high concentrations of BetA. In vivo studies on the acute toxicity profile of BetA in Kunming mice bearing melanoma showed that 500 mg/kg BetA had no acute or chronic signs of toxicity in mice.^[@bibr8-2050312114551974]^ The lack of toxicity was also apparent in a Hippocratic screen of rats treated with 200 and 400 mg/kg BetA.^[@bibr34-2050312114551974]^ Local injection can be taken into account if it injures normal cells; however, the evidence to date is extremely positive regarding BetA as a novel anti-proliferation agent in breast cancer cells.

Conclusion {#section23-2050312114551974}
==========

In summary, BetA proved to be a potent anti-inflammatory, anti-proliferative and anti-angiogenic agent against breast carcinoma MDA-MB-231 and MDA-MB-468 cell lines. Given the fact that BetA treatment in vitro has been effective against TNBC, further studies are clearly warranted to determine its effect in vivo. The effectiveness of BetA shows that it may be highly effective and has great potential in combination with conventional chemotherapeutic regimes, therefore possibly enhancing the inhibition of tumour proliferation, inflammation and angiogenesis.
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